In this review we provide an analysis of the biochemistry of peroxynitrite and tyrosine nitration. Peroxynitrite is the product of the diffusion-controlled reaction between superoxide (O 2
Introduction
Oxidants and free radical species are physiologically and continuously formed in cells [1, 2] , and can participate in redox signaling [3, 4] ; however, under pathological conditions the formation of these species may significantly increase and mediate oxidative damage of different biomolecules such as lipids, sugars, DNA and proteins [5] [6] [7] .
At a cellular level there are several sources of oxidants and free radical species, mainly based on the action of different enzymes present in plasma membrane (lipoxygenase, prostaglandin synthase, NADPH oxidase), mitochondrial electron transport chain (NADH dehydrogenase, ubiquinone), peroxisomes (oxidases and flavoproteins), endoplasmic reticulum and nuclear membrane (cytochrome P450 and cytochrome b5) and other enzymes such as oxidoreductases (xanthine oxidase, myeloperoxidase, P450 enzymes) or soluble heme-proteins (hemoglobin, myoglobin, cytochrome c). Lipid peroxidation in membranes is an important source of free radical species. Importantly, the family of nitric oxide synthases (NOS), generate the relatively stable and signal transducing free radical, nitric oxide (
• NO), and NADPH oxidases family (NOX) among other enzymes produce superoxide radical anion (O 2 •-) [8, 9] . Finally, oxidants can be formed by the action of environmental factors such as, high energy irradiation, air pollutants, toxic chemicals and drug metabolism. By the action of these enzymatic and non-enzymatic pathways several biologically-relevant oxidants can be formed including O 2
•-, hydrogen peroxide (H 2 O 2 ) hypochlorite (HOCl) and hypobromide (HOBr), singlet oxygen ( which in turn can potentiate the effect of oxidants (e.g. catalysis of nitration reactions) [1, 2] .
In this chapter, we will focus on the interplay that exists between the • NO and O 2
•-routes for the generation of strongly oxidizing and nitrating species, which are connected through the formation of peroxynitrite ( Fig. 1 ). Several enzymatic antioxidant systems are present in cells to catabolize oxidants such as superoxide dismutase (SOD) [10, 11] , which catalyzes superoxide dismutation to hydrogen peroxide, glutathione peroxidases (GPX), catalase (CAT) [12] and peroxiredoxins (PRX), which altogether remove hydrogen peroxide, peroxynitrite and lipid peroxides in various cellular compartments [13] [14] [15] . In the context of the O 2
•-/ • NO interplay, SODs inhibit the formation of peroxynitrite and cytosolic and mitochondrial peroxiredoxins typically have an extraordinary catalytic ability to reduce it to nitrite (NO 2 -) [16] .
Nitric oxide, superoxide and peroxynitrite

Nitric oxide (
• NO), a relatively stable free radical formed in vivo, is a pleiotropic regulator and effector of the immune, cardiovascular and nervous system. In the early 80 s, the chemical nature of this molecule was still unknown, and its effects were ascribed to the endotheliumderived relaxing factor (EDRF) (for a review see [6] ). At the end of that decade, EDRF identity was finally elucidated, and defined as • NO by Moncada et al. and Ignarro et al. [17, 18] . Nitric oxide can play regulatory functions by acting on vascular tone and plasticity [19] , as a mediator at central nervous system and by inhibiting platelet aggregation [20] . It also can act as a protective agent by its antioxidant activity, mainly as a chain termination agent in lipid peroxidation reactions, inhibition of leukocyte adhesion and antimicrobial action [20] . In addition,
• NO may play a deleterious role inhibiting enzyme function, promoting DNA damage or participating in pro-oxidant processes through the formation of • NO-derived oxidants.
The action of • NO as a signaling molecule or cytotoxic agent largely depends its concentration and the redox environment present at the time. Most of
• NO-derived toxicity in the context of oxidative stress conditions is due to the formation of • NO-derived oxidants, which are further more reactive than
• NO itself [21] .
Nitric oxide is synthetized by a family of enzymes called nitric oxide synthases (NOS) from L-arginine, NADPH, O 2 and substrates FAD and FMN, using tetrahydrobiopterin (BH4) and calmodulin as cofactors [22, 23] . Three NOS isoforms have been isolated and characterized: neuronal NOS (nNOS), inducible NOS (iNOS) and endothelial NOS (eNOS) [22] [23] [24] . The presence of a mitochondrial NOS has been described, however, there is still no agreement in the presence of this isoform [25] .
The chemistry of
• NO dictates much of its biological activity [5] [6] [7] 20] . Nitric oxide may undergo autoxidation reactions in the presence of oxygen, leading to • NO produced in tissues [6] .
Due to its hydrophobicity, small size and neutral condition,
• NO has the ability of freely diffusing towards membranes, and it can react far away from its site of formation (100 µm -1 mm) having quite long half life compared to other free radicals (1-10 s) [24] .
Superoxide radical is a short-lived free radical, which may act either as an oxidant (E°' O 2
In cells, superoxide is formed by the action of several enzymes such as oxygenases, flavoproteins, xanthine oxidase, NADPH oxidases, uncoupled NOS and Complex I and III of the mitochondrial electron transport chain, among others [10, 11] . Under oxidative conditions, the interplay between the formation pathways of
• NO and O 2 •-will play an important role in the mediation of cellular toxicity. In particular, the fast reaction of • NO with O 2
•-leading • NO interplay. Free radicals can be formed by a variety of intra and extracellular sources. The simultaneous generation of nitric oxide and superoxide radicals yields peroxynitrite. Both, peroxynitrite and its secondary oxidants can mediate oxidative modifications in biomolecules. Antioxidant enzyme systems such as SOD, or peroxiredoxins (PRX) participate in controlling steady state levels of peroxynitrite. Other peroxidatic systems include catalase (CAT) and glutathione peroxidase (GPX).
to the formation of peroxynitrite (ONOO -), which in turn will promote oxidation and nitration reactions affecting different biomolecules [7] ( •-radicals will mainly depend on the competition between two reactions: i) superoxide dismutation and ii) peroxynitrite formation; the ratio of this competition is relevant to determine the switch from signaling pathways of • NO to oxidative damage [37] . Still, it is important to consider that small amounts of O 2 •-will have secondary targets such as Fe-S centers present in proteins and enzymes (e.g. aconitase, producing cluster disruption) [38] , free radicals (e.g. Tyr
• leading to the formation of tyrosine hydroperoxide (Tyr-OOH) [39] ), or transition metals present in low molecular weight complexes or proteins (e.g. O 2
•-favors iron release form ferritin) [40] , which can disturb cell/tissue homeostasis due to the promotion of undesired transition metal mobilization and reactions (Fig. 3) . Peroxynitrite (ONOO -/ONOOH, pKa = 6.8) is a powerful and shortlived (half life ca. 10 ms) [41] oxidant formed in vivo, that can directly react with different biomolecules by one (i.e. reaction with transition metals) or two-electron (i.e. reaction with thiols) oxidations [42] . In addition, it can decompose by homolysis of peroxynitrous acid (ONOOH), to
• NO 2 and • OH radicals (in 30% yield), species that can further participate in nitration/oxidation reactions [41, 43, 44] , a process that is relatively slow in biological systems [45] . One of the most important reactions of ONOO -in biological systems is its reaction with carbon dioxide (CO 2 ), in equilibrium with bicarbonate (HCO 3 -) [46] , and the concomitant formation of • NO 2 and CO 3
•-radicals (in 35% yield), highly oxidant species that can in turn mediate oxidative damage to biomolecules [47] . An important aspect to take into account, is that peroxynitrite can mediate oxidations in aqueous phases (i.e. with, thiols, metalloproteins and CO 2 ), or very importantly, freely diffuse through membranes (ONOOH), and react via its secondary radicals with lipids and proteins present in the hydrophobic milieu (Fig. 4) [48] . This may have particular relevance in lipid peroxidation reactions as will be discussed next.
3. Peroxynitrite-mediated reactions 3.1. Direct oxidation reactions 3.1.1. Thiols One important peroxynitrite-mediated oxidation is its reaction with low molecular-weight or protein thiols, as described by Radi in 1991, who showed the reaction of peroxynitrite with free cysteine (k = 5900 M −1 s −1 ) [49] , or the bovine serum albumim (BSA) thiol (Cys34)
) at pH 7.4 and 37°C. Later on, the reaction constant of peroxynitrite and human serum albumin (HSA) thiol was determined (k = 3800 M −1 s
) at pH 7.4 and 37°C [50] . Peroxynitrite reacts directly with thiols in a two-electron oxidation process involving a nucleophilic attack of the thiolate to the protonated form of peroxynitrite, ONOOH. The reaction yields nitrite and sulfenic acid (RSOH), which can in turn react with another thiol forming a disulfide (RSSR) [51] or become stabilized in special environments such as HSA [52] . In addition, peroxynitrite-derived radicals may react with Fig. 2 . Representative peroxynitrite-mediated oxidative modifications of biomolecules and its products. Modifications on proteins, lipids, sugars and DNA include those directly mediated by peroxynitrite or indirectly by peroxynitrite-derived radicals [7] . Peroxynitrite does not directly react with tyrosine residues, however peroyxnitrite-derived radicals
• OH,
• NO 2 and CO 3
•-play a critical role on tyrosine oxidation / nitration reactions, that will be described in the following section. Phenylalanine and histidine can also be modified by the action of peroxynitrite-derived radicals.
The oxidation of thiols and other amino acids by peroxynitrite may have an important impact on protein structure and function [41] .
Metals
Peroxynitrite can react with transition metal centers such as iron, copper and manganese ions, forming part of proteins or low molecular weight complexes. The oxidation may take place through one-electron pathways yielding NO 2 -(e.g. heme proteins) or through two-electron reactions yielding
• NO 2 and the oxidized metal [37] . Some metal complexes can promote the isomerization of ONOO -to nitrate (NO 3 - • OH radical can readily initiate lipid peroxidation by one-electron abstraction on allylic hydrogen atoms in double bonds of unsaturated fatty acids [56] . The reaction of • NO and
• NO 2 with lipids, may lead to the formation of a variety of modified oxidized and nitrated fatty acids [57] . Peroxynitrite-derived radicals can also react with sugars present in monosaccharides (e.g. glucose) or polysaccharides (e.g. glycosaminoglycanes) [58] . The reaction of peroxynitrite with glycosaminoglycanes (GAGs) will result in extense polymer and fragmentation (hyaluronan, chondroitin and heparin, dermatan and heparan sulfates) [59] . DNA bases can also be affected by peroxynitrite-derived radicals in nitration and oxidation reactions. Peroxynitrite can promote guanine oxidation and nitration, being 8-oxo-guanine and 8-nitro-guanine main products of these reactions. Hydroxyl radical leads to DNA strands breaks. In addition, other reactive nitrogen species such as trioxide nitrogen may promote DNA deamination reactions [60, 61] (Fig. 2) .
Carbon dioxide
The reaction of peroxynitrite and carbon dioxide, present at high concentrations (1.3 mM, in equilibrium with 25 mM bicarbonate anion) is one of the most important in biological systems. This reaction occurs through a nucleophilic addition of ONOO -to CO 2 (k = 4. •-radicals. These radicals are short-lived one-electron oxidants that can promote themselves nitro-oxidative damage [45] .
The case of protein tyrosine nitration
As mentioned above, peroxynitrite can mediate oxidative modifications in a variety of biomolecules. An important aspect of peroxy-nitrite-mediated toxicity is its capability of promoting protein tyrosine nitration, a covalent oxidative posttranslational modification mediated by nitric oxide-derived oxidants such as Protein tyrosine nitration could result in dramatic changes in protein structure and can affect protein function either by a loss-(e.g. MnSOD, actin, prostacyclin synthase and tyrosine hydroxylase), or by a gain-of-a previously inexistent function (e.g. cytochrome c, fibrinogen, protein kinase, glutathione S-transferase and apoA1) [66] . It may alter phosphorylation cascades, or induce immunological responses by the generation of antibodies against nitrated proteins [66] [67] [68] [69] .
Nitration as a free radical process
The nitration of protein tyrosine residues constitutes the substitution of a hydrogen by a nitro group (-NO 2 ) in the position 3 of the phenolic ring, being 3-nitrotyrosine (3-NT) the product of this reaction.
Protein tyrosine nitration is a free radical-mediated pathway, which involves the intermediate formation of Tyr
• radical from tyrosine [21, 69] . There are several oxidants that can perform the one-electron oxidation of tyrosine in biological systems,
oxo-metal compounds (O=Mn IV ) and compounds I and II of hemoperoxidases, such as MPO. Moreover, we have recently demonstrated a "connection reaction" in membranes between lipid peroxidation and tyrosine oxidation, by which lipid-derived radicals, peroxyl (LOO • ) [70] and alkoxyl (LO • ) [71] can oxidize tyrosine to Tyr • in membranes, therefore promoting nitration reactions [67, 70, 72, 73] . Once Tyr • radical is formed it can have different fates, one of which in the context of peroxynitrite-dependent reaction is the diffusioncontrolled reaction with • NO 2 to yield 3-NT (Fig. 5) . In addition to this product, other oxidation products can be formed. The combination of two Tyr • will lead to the formation of the dimerized form, 3,3′-dityrosine, the addition of • OH will yield 3,4-dihydroxyphenylalanine (DOPA) (also known as 3-hydroxytyrosine), and the reaction with O 2
•-radical produces tyrosine hydroperoxide. In addition, Tyr • can react with • NO, forming 3-nitrosotyrosine, which will further evolve to 3-NT formation [21, 69] (Fig. 5) .
It is important to consider that tyrosine oxidation reactions can be reversed by the repair of Tyr
• radical (i.e. reducing it back to tyrosine), by the action of reductants such as glutathione or ascorbate, or through intramolecular electron transfer reactions with other amino acids, such as cysteine [74, 75] .
Peroxynitrite-dependent and independent tyrosine nitration mechanisms
Protein tyrosine nitration is consistently observed in several pathologies such as cardiovascular disease [76] , neurodegeneration [77] [78] [79] , inflammation and cancer [80] . Indeed, protein 3-NT is established as a biomarker of oxidative stress in vivo, being revealed as a strong biomarker and predictor of disease onset and progression.
In addition to peroxynitrite, protein tyrosine nitration can occur by the action of enzymes such as MPO in the presence of NO 2 -and H 2 O 2 , a process that plays an important role during neutrophil degranulation in inflammation sites. In this tyrosine nitration mechanism, the MPO reaction with H 2 O 2 yields compound I, a high oxidation state oxo-heme complex that oxidizes tyrosine to Tyr • radical and NO 2 -to • NO 2 , generating the proper combination of reagents to yield 3-NT [81] . Additional biological mechanisms of tyrosine nitration involve the action of NO 2 -under acidic conditions as observed in the gastric lumen [82, 83] .
Nitration selectivity
Protein tyrosine nitration is a low yield process and is highly selective, since neither all proteins can become nitrated nor all tyrosineresidues within a particular protein can undergo nitration. Usually, in whole tissue/cell only 1-5 over 10,000 tyrosine residues become nitrated [21] . However, in some specific proteins, tyrosine nitration yields are large and responsible of structural and functional changes [21, 68, 69] .
Several physicochemical factors control tyrosine nitration either in aqueous or hydrophobic environments, however, there is not a general rule to anticipate tyrosine nitration selectivity and each protein has to be specifically-analyzed.
The nitration of a particular tyrosine residue will depend on several factors including, protein structure, nitration mechanism, and the environment were the tyrosine residue is located [66] [67] [68] 84, 85] .
Protein structure
Usually in aqueous solution and solvent-exposed tyrosine residues, nitration is enhanced in the presence of CO 2 , transition metal centers and the proximity of charged amino acids (through hydrogen-bonding) or binding sites for hemeperoxidases [68] . The presence of nearby turninducing amino acids such as proline and glycine usually favors nitration of nearby tyrosine residues as observed in RNAase A and lysozyme [84, 85] .
The existence of a consensus sequence for tyrosine nitration has been proposed by some authors [84] , however it has not been really demonstrated, and the secondary and tertiary structures and solvent accessibility appear to be the most important factors affecting tyrosine nitration selectivity.
However, the presence of some amino acids in the close proximity of tyrosine residues do affect nitration. This is the case of cysteine which can inhibit nitration due to intramolecular-electron transfer reactions between Tyr and Cys residues, as shown by studies in model peptides and proteins such as Fe-SOD present in T. cruzi [75, 86] . Nearby methionine residues could in turn, promote nitration also by intramolecular electron transfer reactions between Tyr and Met residues [87] . In addition, the presence of charged amino acids usually favor nitration reactions due the formation of hydrogen bonds. On the other hand, the presence of nearby positively-charged amino acids such as arginine, may inhibit tyrosine nitration due to electrostatic forces (e.g. Y20 and R21 in lysozyme) [85] .
The location of the tyrosine residue within the protein turns to be critical in the possibility of a tyrosine residue in being nitrated. Buried tyrosine residues usually cannot accommodate the voluminous nitro group (-NO 2 ) by a steric effect, while exposure of the aromatic ring of the tyrosine to the protein surface should facilitate the reaction. Solvent-exposed tyrosine residues are particularly sensitive in the Modified from [67] .
presence of CO 2 as observed for Y48, Y74 and Y97 of cytochrome c [88] . The redox environment of the particular tyrosine residue will determine as well the possibilities of nitration. The presence of endogenous antioxidants such as glutathione [45, 74] , ascorbate [89, 90] and uric acid [45, 91] will inhibit nitration reactions by the consumption of oxidizing and nitrating species such as
• NO 2 .
Nitration mechanism
In some cases, proximity of transition metals centers to tyrosine become the key selectivity element. The presence of a transition metal center may site-specifically direct nitration, as observed in Mn-SOD which is nitrated by peroxynitrite specifically on Y34 in active site, located 5 Å away for manganese atom [92] [93] [94] and Y192 in apoA1 located in the MPO-binding site region [95] .
Nitration of Mn-SOD in Y34 present in the access channel for superoxide, will block the entrance of the channel and generates an electrostatic repulsion effect (as the pKa of the -OH group of tyrosine drops from pH 10.5 to 7-7.5 upon nitration) promoting the inactivation of the enzyme [68, 69] .
In addition, tyrosine nitration may promote a gain of function, such is the case of the cytocrome c which after nitration displays a peroxidatic activity. Indeed, the nitration of solvent-exposed (Y74), triggers a conformational change on cytocrome c, resulting in an alternative conformation, which affects its normal electron transport function, and enhances a peroxidatic activity [69, 96] .
In general,
• NO 2 tends to modify solvent-exposed tyrosines while transition metals can provide regio-selectivity for the nitration of internal or buried tyrosine residues.
Cellular and redox environments
In hydrophobic environments (i.e. membranes and lipoproteins), the physicochemical factors controlling nitration reactions may differ from those observed in aqueous solution, mainly due to the high concentration of unsaturated fatty acids, which may outcompete for the free radical species, the exclusion of antioxidants usually present in polar environments, such as glutathione (GSH), which usually acts inhibiting nitration due to its fast reaction with
• NO 2 (k = 5.3 ×
) [97] , and the diffusion of • NO and • NO 2 , that easily diffuse towards lipid milieu, and partition in a favored manner compared to aqueous phases [28, 29] . In membranes, factors as interaction with water molecules, oxygen concentration and lipid-soluble antioxidants, in addition to phospholipid composition, should also be taken into account [68] . In these compartments, lipid peroxidation reactions may fuel nitration/oxidation pathways, since there is a contribution of lipidderived radicals (i.e. LOO • and LO
• ) in the generation of Tyr • , due to the one-electron oxidation of tyrosine (Eq. (1)) [67, 70, 72] .
While oxygen does not react with tyrosine or tyrosyl radicals, it becomes a critical factor in the modulation of tyrosine nitration in membranes [70, 72] , via its participation in the propagation phase of lipid peroxidation, so the physicochemical properties of the milieu will also directly impact on tyrosine nitration [67] . Hydrophobic environments such as membranes or lipoproteins will limit the diffusion of charged reactive species (i.e. CO 3 •-) which are potent oxidants in the aqueous phase [98] . In addition there is an exclusion of hydrophilic anti-nitrating agents, such as glutathione, which reacts fast with • NO 2 .
On the other hand, nitrating species such as
• NO and • NO 2 , will easily diffuse and concentrate in hydrophobic media, favoring nitration pathways [99] . Changes in pH will influence peroxynitrite-dependent nitration yields [73] and acidic conditions favor nitrite-dependent nitration pathways as observed in pepsin [82] .
Conclusions
Understanding the conditions that facilitate the biological formation of peroxynitrite, its preferential reactions with biomolecules and the main oxidation products generated require comprehension of kinetic, mechanistic and physico-chemical elements. Moreover, the redox processes that lead to protein tyrosine nitration are intimately associated with decay pathways of peroxynitrite, including the notable reaction with CO 2 , that simultaneously generate oxidizing and nitrating species. Peroxynitrite can be considered an unusual peroxide due to its intrinsic instability in biological systems, the coexistence of the anionic and protonated forms at physiological pH with distinctive reactivities and its capacity to readily trigger free radical processes. Among the latter, protein tyrosine nitration constitutes a hallmark of the actions of peroxynitrite and related
• NO-derived oxidants in cells and tissues. While the biochemical routes leading to the formation of 3-NT in various cellular and extracellular compartments have been mostly settled, its impact in protein structure and function in vivo still requires substantially more research. The well-established association of protein tyrosine nitration to several pathologies, and even with the aging process, opens opportunities to unravel whether this oxidative posttranslational modification in specific proteins (and residues) can disrupt cell homeostasis. The fundamentals provided in this review may assist for stimulating further experimental designs, sample analysis and therapeutic developments directed to assess the role of peroxynitrite and protein tyrosine nitration in human disease and aging.
